Precipitation reactions occurring under fluid flow can selforganize a variety of complex spatiotemporal patterns. Herein, we investigate the structures formed when a CoCl 2 -containing water-in-oil microemulsion is injected into an aqueous NaOH solution. The reacting liquids are confined to the thin gap of a horizontal Hele-Shaw cell and injection is carried out from a central port. Dark-field detection of the patterns reveals borders that can deviate from smooth circles by either jagged or sinusoidal deformations. The interior of the patterns shows speckle-like features that can arrange along either spike-like tracks or concentric circular segments. The area ratio of light scattering regions increases with increasing flow rates but decreases sharply with increasing NaOH concentration. The latter transition is interpreted as a shift from patterns dominated by the physical breakdown of the microemulsion to patterns strongly affected by the precipitation of α-Co(OH) 2 .
Introduction
During billions of years of biological evolution, living systems have mastered the art of generating spatiotemporal patterns for producing desired shapes and functions. [1] To humans, life is so closely associated with these complex dynamics and smoothly curved patterns that observing similar phenomena in non-living system is surprising and counter-intuitive. One such example is a class of reaction systems known as chemical gardens. [2] These macroscopic and typically tubular precipitates grow within seconds to minutes when a salt seed is placed into a solution containing sodium silicate or other anions such carbonates, sulfides, and phosphates. [3] Growth commences by the formation of colloidal particles that aggregate and surround the seed with a thin semi-permeable membrane. [4] Osmotic pressure then drives the influx of water and eventually ruptures the membrane to create new precipitate that due to buoyancy extends the structure in the upward direction.
In modern studies of chemical gardens, the seed crystal is often replaced by a salt solution which is steadily injected into a large reservoir containing the dissolved precipitation partner. [3c] Using this method, distinct growth regimes were identified including closed membrane structures that expand via self-healing micro-breaches and open tube structures that template around buoyant jets. The latter "jetting" growth requires reactant concentrations that are orders of magnitude higher than the low solubility of the chemical product; for lower concentrations, no tubes form but unconnected particles stream upwards in the form of starting plumes. [5] Depending on the reaction conditions, the outer diameter of the precipitate tubes varies from a few micrometers to several millimeters. [6] The tube wall itself can consist of a broad range of materials including aluminosilicates, iron sulfide, and polyoxometalates. [2a] For the classic case of metal salts and sodium silicate, one typically finds an outer layer of amorphous silica and a thicker inner layer of metal hydroxide. [7] Recent studies have investigated the formation of these precipitate structures under spatial constraints that aim to test the response of the self-organizing system to spatial perturbations and also attempt to reduce their geometric complexity. [8] Our group demonstrated the growth of linear membranes in microfluidic devices and found that in many cases, the membrane thickens strictly in the direction of the metal salt solution. The kinetics of the membrane width obey square root dependencies suggesting diffusion control. Haudin et al. [8c,d] studied precipitation reactions in Hele-Shaw cells. In these experiments, the thin gap between two plates was filled with silicate solution and a cobalt salt solution was injected radially from a small, central port. This procedure generated a variety of quasi-two-dimensional precipitation patterns ranging from membrane-bound disks to disks with hair-like borders and filaments that are essentially two-dimensional versions of chemical garden tubes. Similar Hele-Shaw experiments were also performed by Schuszter et al. [8e] who studied the precipitation of calcium carbonate to evaluate the effectiveness of CO 2 mineralization for carbon sequestration.
In this Article, we combine the current interest in spatially confined precipitation systems [9] with emulsion-mediated reactions. In the context of chemical self-organization, the use of microemulsion was pioneered by Vanag and Epstein [10] who discovered distinct concentration patterns in autocatalytic Belousov-Zhabotinsky water-in-oil emulsions stabilized by the surfactant bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT). Using this approach, the reactants and intermediates establish contact primarily through collisions and fusion events of nanoscale droplets while each droplet carries only a few reactant ions/molecules. Here, we specifically investigate the injection of a CoCl 2 -containing water-in-oil microemulsion into an aqueous NaOH solution. Our experiments reveal several unexpected patterns and demonstrate the feasibility of microemulsion-based self-organization for precipitation reactions.
Results and Discussion
Our experimental set-up is based on a horizontal Hele-Shaw cell with a central injection port (Figure 1a ). The gap between the two plexiglass plates is filled with an aqueous NaOH solution and a microemulsion is injected through the port via a syringe pump. The water-in-oil microemulsion contains 0.2 M CoCl 2 solution, noctane, and the surfactant AOT. The as-prepared emulsion is optically transparent and slightly pinkish. For freshly prepared samples, dynamic light scattering measurements reveal a hydrodynamic radius distribution centered at 5 nm, which slightly broadens during two weeks of storage at room temperature ( Figure 1b ). Even after nine months of storage, we did not observe any phase separation; however, samples stored overnight at 4°C became turbid at the bottom of the container. These observations confirm that the microemulsion is thermodynamically stable. [11] We estimate that each micelle contains an average of about 60 Co 2 + ions.
We monitor the spatiotemporal dynamics of the reaction system by recording sequences of both bright-and dark-field images. The bright-field images (e. g. Figure 1c ) are very faint but reveal the formation of a green precipitate pattern. The green substance is most likely α-Co(OH) 2 which was also detected in layered cobalt-based membranes formed at the interface of aqueous CoCl 2 and NaOH solutions. [12] More specifically, αCo(OH) 2 was earlier found directly in contact with the CoCl 2 solution, while other insoluble cobalt compounds formed near the hydroxide solution. This result suggests that the green precipitate in our Hele-Shaw cell was produced by the diffusion of OH À ions into the Co 2 + containing micelles.
In optical dark-field images all directly transmitted light is blocked and only scattered light is detected. Notice that we use LED display as the light source which only approximates darkfield illumination for reasons that include the non-parallel nature of the emitted light. In our experiments, light scattering is potentially caused by precipitate particles and droplets much larger than the original micelles as well as macroscopic oilwater phase boundaries. Figure 1d shows a representative darkfield image which was recorded for the same experiment and essentially the same area as Figure 1c . Compared to the brightfield data, dark-field photography yields higher contrast images of the pattern structures. Furthermore, we find that not all scattering centers are green precipitate regions suggesting the formation of larger water droplets and hence the local breakdown of the microemulsion. This difference is most pronounced near the pattern edge (and easiest to discern near the upper, right corner of the image frames). In the following, all image data are obtained under dark-field illumination.
In Figure 2a , we evaluate the effect of hydroxide concentration on the forming patterns. The five experiments are each represented by three snapshots. The injection of microemulsion commenced at t = 0 and ended at t = 38 s. Notice that the tubing connecting the pump to the injection port is partially visible in the pictures. The temporal evolution of the patterns reveals an overall increase in brightness, which in some cases can propagate backwards (Movie S1). We also observe the gradual expansion of the borders after the stop of injection (see also the movies in the Supporting Information). Notice that the leftmost column illustrates an experiment in which we injected the microemulsion into pure water. Despite the absence of NaOH, a non-trivial pattern is observed, which has an irregular boundary. Furthermore, an interior pattern consisting of two bright ring-like regions separated by a darker gap forms after about 30 s.
A comparison of the experiments reveals characteristic outer pattern boundaries that for intermediate NaOH concentrations are not smooth but either jagged (0.05 M) or sinusoidal (0.2 M) ( Figure S1 ). For the latter case, each convex deformation of the outer front is associated with a broad white segment, whereas the concave deformations define darker gaps. The interior of the patterns features many bright spots which for 0.2 M align along radial spikes and for 2.0 M arrange as segmented, nearly concentric circles (see also Figure 3 and Movie S2).
To quantitatively measure the effect of hydroxide concentration on these forming patterns, we plot the radial intensity profiles for the above experiments at t = 75 s (Figure 2b-f ). These profiles are computed by transforming the images to a polar coordinate system with r = 0 being the center point of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 pattern (i. e. a location very close to the injection nozzle); the intensity value at a given radius is the average over the azimuths. Notice that the area obscured by the tubing was excluded from the analysis. In each case, maximal average intensities are found at or near the outer pattern border and decay towards the nozzle. The results reveal additional details such as plateaus in the interior and high intensities at the borders for (d) ([NaOH] = 0.2 M) and possibly (c) ([NaOH] = 0.05 M).
We further analyze the [OH À ]-dependence of the patterns by computing the area fraction occupied by light scattering features, i. e. the ratio of bright pixels to total pixels within the pattern. More precisely, we determine the outer pattern edge, select a quadrant of the pattern that is not obscured by the tubing, and then transform the gray-value data to binary images using a constant threshold criterion. The dependence of the resulting area ratio α on the hydroxide concentration is shown in Figure 4 interface is much higher than that of the interior region. In contrast, this difference is small for high NaOH concentrations. This shift from bright edges (high ratios) to more homogeneous intensity distributions (lower ratios) is summarized in Figure S2 .
Insights into the dynamics of the reaction patterns can be obtained from time-space plots. We construct these plots by stacking consecutive line profiles dissecting the pattern at the nozzle center. A representative example for an intermediate concentration of [NaOH] = 0.2 M is shown in Figure 5 . The expanding pattern generates borders in the plot that we fit with the square-root function r t ð Þ ¼ �x ffi ffi t p
. The fits (superposed red curves) describe the measured borders well. We compare this result to the expected radial increase r t ð Þ ¼ � ffi ffi ffi ffi ffi ffi ffi ffi ffi ffi ffi ffi ffi Qt=ph p for the employed pump rate Q and layer height h. The fitted value (ξ = 7.10) and the expected value of ffi ffi ffi ffi ffi ffi ffi ffi ffi ffi ffiffi Q=ph p differ by 11 %, which is acceptable since this comparison assumes incompressibility, ideal mixing, and a perfectly circular pattern border. Notice that we stop injection at t = 38 s, which results in the slightly diffuse cessation of the pattern expansion. More importantly, we also gain insights into the dynamics of the light scattering features within the pattern interior. As discernable from the horizontal, bright lines, these features remain primarily stationary, although fluid continues to flow around them. Accordingly, the light scattering objects must be either droplets pinned by surface tension to the interior surfaces of the Hele-Shaw cell or precipitate particles pinned by adhesion. Considering the fairly rapid flow during injection, we consider the latter interpretation to be the more likely one. In this context, we mention that the patterns are destroyed when the Hele-Shaw cell is opened at the end of the experiment. Scanning electron microscopy on the recovered, rinsed, and dried precipitates revealed no characteristic features ( Figure S4 ). The sulfur peak in the energy-dispersive X-ray spectrum indicates that the surfactant AOT was incorporated within the inorganic precipitate despite several wash cycles.
In addition to the influence of the employed hydroxide concentration, we also investigated the effect of pump rate on the observed patterns. Figure 6a Figure S3 ). Figure S3 ).
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ChemSystemsChem 2019, 1, e1900037 (4 of 8) www.chemsystemschem.org formed at pump rates of 1 and 5 mL/min for [NaOH] = 0.3 and 1.0 M. At low concentration, an increase in pump rate results in the decrease of spike-like radial features and an increase in the number of small, bright spots. At the high concentration and low pump rate, the pattern's most striking feature is its outer bright boundary, although the interior shows some bright dots which are aligned along concentric ring segments. Some ringlike characteristics are still discernable in (e), but the overall dot density is much higher. In addition, the intensity of the outer boundary is lower in (e) than in (d).
Following the procedure employed for computing the data in Figure 4 , we again measured the bright area ratio α but varied the pump rate. Figure 6 shows our results for constant NaOH concentrations of 0.3 M (f) and 1.0 M (g). In both cases, α increases with increasing hydroxide concentrations. In addition, the lowest pump rates yield area ratios of less than 5 % in (f) and less than 2 % in (g), while the largest value is nearly 28 % in (f) and 18 % in (g) (all percentages are for the high threshold).
Discussion and Conclusions
In conclusion, the injection of Co 2 + -containing microemulsions into an aqueous NaOH solution causes complex light-scattering patterns which can involve spike-or ring-like interior features. The appearance of the overall pattern strongly depends on the employed hydroxide concentration and pump rate. Notice that spike-like precipitate features were also observed in the emulsion-free Hele-Shaw experiments by Schuzster et al. [8e] and Das et al. [8b] The needles seen at the rim of the pattern might be induced by a buoyancy-driven instability. [13] In addition, the characteristic pattern borders of our study are possibly related to the Rayleigh-Taylor instability [14] because the less dense microemulsion (1 = 0.87 g/cm 3 ) is displacing the denser NaOH solution (1 = 0.98-1.04 g/cm 3 ). [15] However, we are not aware of studies reporting ring-shaped segmentation patterns. The outer boundary of our patterns can also show strong deviations from a smooth circular shape and feature either jagged or sinusoidal deformations.
Two possible mechanisms that could create the observed patterns are the physical breakdown of the microemulsion and the chemical formation of solid precipitate particles. The existence of the former effect is clearly demonstrated by the patterns observed during the injection into pure water (left column in Figure 2a ). Here the contrast of the dark-field images is the result of droplets that must be at least 50 times larger than the original micelles as they scatter the visible light used for dark-field detection.
Nonetheless, for experiments with hydroxide, we have clear evidence for the formation of a green precipitate (α-Co(OH) 2 ). This precipitate could form during or shortly after the breakdown of the microemulsion. Further hints can be derived from our measurements of the bright area ratio α. Most remarkably, we found a sharp transition from bright to dark patterns that occurred at [NaOH] � 0.2 M (Figure 4) . It is likely that this concentration demarks the change from patterns dominated by the breakdown of the microemulsion to patterns with precipitation-controlled features.
We also performed control experiments in which the microemulsion contained no cobalt salt, but rather pure water or NaCl solution (0.2 M) ( Figure S5 ). In both cases, the pattern boundary consisted of a thicker light scattering band that had either discernable droplets (water case) or a turbid appearance (NaCl case). The interior of the patterns was clear and the outer pattern edge deformed. For NaCl, these deformations were reminiscent of the sinusoidal structure in Figure 2 (0.2 M CoCl 2 ). These findings suggest that the front deformations are not dominated by precipitation. However, the interior structures of the patterns observed in our CoCl 2 experiments are most likely the result of precipitation phenomena.
Future investigations could also explore the possibility of thermal effects and viscous fingering in this system. [16] The latter phenomenon occurs when a less viscous liquid is in injected into more viscous fluid. [17] Notice that this requirement is not fulfilled by our current experiments (Table 1) as the as-prepared microemulsion is significantly more viscous than the hydroxide solution. Clearly more studies are needed to untangle the relevance of chemical and physical factors that lead to pattern formation in this microemulsion-precipitation system.
Experimental Section
Reagents Bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT, 96 %; Alfa Aesar), cobalt chloride (CoCl 2 · 6H 2 O, reagent grade; Sigma-Aldrich), noctane (� 99 %; Acros Organics), sodium chloride (NaCl; Spectrum) and sodium hydroxide (NaOH, � 98 %; Macron Fine Chemicals) were used as received without further purification.
Preparation of Water-in-Oil Microemulsion
To prepare microemulsion loaded with CoCl 2 solution, 1.5 g of AOT was dissolved in 3.6 mL of n-octane, then 1.0 mL of 0.20 M CoCl 2 solution was added dropwise using a syringe pump (New Era Pump Systems, NE 4000) at a constant pump rate of 0.05 mL/min. The mixture was stirred continuously using a magnetic stir bar for about an hour until a transparent appearance was achieved. The weight percentage in the microemulsion is 30 % surfactant (AOT), 20 % water, and 50 % oil (n-octane). The latter numbers are based on related literature. [18] The resulting microemulsion has a water-to-AOT ratio of [H 2 O]/[AOT] = 16.5. The as-prepared microemulsion remains transparent at room temperature for a few months. We measured the viscosity of the microemulsion using a viscometer [b] [a] and [b] are obtained from literature. [19] Articles ChemSystemsChem 2019, 1, e1900037 (5 of 8)
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(Cannon-Fenske, tube size 75). For the preparation of H 2 O-and NaCl-containing microemulsion, the same procedures were followed except that 0.2 M CoCl 2 solution is replaced with pure water or 0.2 M NaCl solution.
Injection Experiments
We performed the injection experiments using a horizontal Hele-Shaw cell. It consisted of two parallel plexiglass plate (20 cm × 20 cm × 0.6 cm) that were vertically separated by four spacers to yield a small gap of 0.25 mm. The bottom plate had a central hole (diameter 1.57 mm) with an attached barb fitting as the injection nozzle. Prior to the injection, the gap in the Hele-Shaw cell was filled with sodium hydroxide solution of various concentrations. Special care was taken to ensure the horizontal alignment of the cell. Then a fixed volume (1.9 mL) of CoCl 2 -containing microemulsion was steadily injected into the cell using a programmable syringe pump (New Era Pump Systems, NE 4000). Notice that during injection, excess NaOH solution freely discharged from the rim of the cell. Various pump rates in the range of 0.2 to 10 mL/min were studied. All experiments were performed at room temperature.
For dark-field detection, the Hele-Shaw cell was illuminated from below with an LED screen displaying a bright ring-shaped pattern and recorded from above using a digital camera (Nikon D3300) equipped with a Tamron 1 : 1 macro lens (90 mm, f/2.8). The bright ring-shaped screen pattern (black and white) had an outer diameter of 17.8 cm and an inner diameter of 13.8 cm. The screen was positioned at a distance of 17.0 cm underneath the Hele-Shaw cell. The camera lens, the injection nozzle, and the center of the bright ring were arrangedalong a single line oriented perpendicular to the cell. Bright-field measurements utilized a backlight unit (Dolan-Jenner, QVABL) connected by fiber optics to a cold-light source (DolanJenner, Fiber-Lite PL-800).
Dynamic Light Scattering Measurements
To determine the size distribution of the micelles, we perform dynamic light scattering (DLS) experiments using an ALV/CGS-3 Compact Goniometer System (ALV GmbH, Langen, Germany) equipped with a 22 mW HeÀ Ne laser source (λ = 632.8 nm) and an avalanche photodiode detector. The microemulsions were filtered through a 0.2 μm syringe filter prior to DLS measurements. To obtain the diffusion coefficient, the auto-correlation data were fitted using the method of cumulants. [20] The hydrodynamic radii (R H ) were calculated using the Stokes-Einstein equation [Eq.
(1)]:
where k B is the Boltzmann constant, T is the system temperature, and η = 0.51 cP is the dynamic viscosity of the bulk solvent. [21] 
Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy
In some experiments, we collected the formed precipitates from the plates of the opened Hele-Shaw cell. These slurry-like samples were washed five times with both ethanol and pure water and then dried under ambient conditions. The resulting solids were iridium coated and characterized using scanning electron microscopy (JEOL 7401 FE-SEM operated at 10 kV). We also studied the elemental compositions of our samples by using an INCA energy dispersive Xray spectroscopy detector.
